Latin America in general and the Rio de la Plata Grasslands (RPG) in particular, are one of the regions in the world with the highest rates of change in land use/land cover (LULC) in recent times. Despite the magnitude of this change process, LULC descriptions in the RPG are far from being complete, even more those that evaluate LULC change through time. In this work we described LULC and its changes over time for the first 14 years of the 21st century and for the entire grassland biome of the Rio de la Plata, one of the most extensive grassland regions in the world. We performed simple but exhaustive classifications at regional level based on vegetation phenology, using extensive LULC field database, time series of MODIS NDVI satellite images and decision trees classifiers, generating an annual map for all RPG. The used technique achieved very good levels of accuracy at the regional (94.3%-95.5%) and sub-regional (78.2%-97.6%) scales, with commission and omission errors generally low (Min = 0.6, Max = 10.3, Median = 5.7, and Min = 0, Max = 41.8, Median = 6.8 for regional and sub regional classification respectively) and evenly distributed, but fails when LULC classifications are generated in years when the climate is very different from those used to generate spectral signatures and train decision trees, or when the NDVI time series accumulates large volumes of lost data. Our results show that the RPG are immersed in a strong process of land use change, mainly due to the advance of the agricultural frontier and at the expense of loss of grassland areas. The agricultural area increased 23% in the analyzed period, adding over than 50,000 Km 2 of new crops. Most agricultural expansion, and therefore the greatest losses of grassland, concentrates on both sides of Uruguay river (Mesopotamic Pampa and the western portion of Southern and Northern Campos) and the western portion of Inland Pampa. The generated maps open the door for more detailed and spatially explicit modeling of many important aspects of ecosystem functioning, for quantification in the provision of ecosystem services and for more efficient management of natural resources. natural vegetation were used for agriculture in the last 40 years. Crops and pastures dedicated to livestock production cover 38% of the ice-free land area [3, 4] . These land use/land cover (LULC) changes are associated with complex interactions between the availability of resources, climate fluctuations and a very broad set of socio-economic factors [5] [6] [7] [8] . The consequences of LULC changes are profound. Habitat loss by replacing the original cover is the most important factor in the global biodiversity crisis [9, 10] . Declining natural land cover has changed biogeochemical cycles [11, 12] and climate [13, 14] . This set of changes in the structure and functioning of ecosystems positions the LULC change as one of the main drivers of Global Change [15] and has led to a decline in the provision of goods and services that ecosystems provide to humans, ultimately affecting their well-being.
Introduction
Humanity transforms the landscape to obtain food, fibers, fuels and other goods provided by ecosystems. Sanderson et al. [1] estimated that 83% of the Earth's surface is directly or indirectly influenced by human activity. Tilman et al. [2] calculated that around 4 million hectares per year of
Classification Process
The performed classifications imply the use of phenological information of the different LULC obtained from images of the MODIS sensor, with "ground truth" data from field campaigns, the digitization of "pure" paddocks (a single LULC class) in high spatial resolution images (Landsat), the crossing of such information and its classification by decision trees. Given the extension of the study area and its internal differences (soil types, topography, climate, etc.), classifications were generated independently for each RPG sub-region. In this way we try to separate different phenological behaviors for the same t LULC category that are related to their different location in the study area. For example, a summer crop that is sown later in the growing season in the Southern Pampa than in the Northern Campos, will be classified independently in both regions, reducing the internal variability of this category. Additionally, given the structure of the field database, classifications of winter and summer agricultural campaigns were generated separately in each sub-region. Furthermore, in those sub regions covered by more than one MODIS tile (storage unit of MODIS sensor products), classifications were generated for each tile separately and joined ex post. Finally, this process was carried out for 14 years of MODIS data, lumping together the maps of both agricultural campaigns (winter and summer) to generate maps for 2000/2001 to 2013/2014 growing seasons (see below). Figure 2 summarizes the steps taken to obtain LULC maps. 
MODIS NDVI Image Processing
We used NDVI time series of MODIS sensor (product MOD13Q1: "Vegetation Indices 16-Day L3 Global 250m"), a spectral index calculated from red (R) and infrared (IR) reflectance of the surface according the following equation:
NDVI = (IR − R)/(IR R)
We obtained the MODIS NDVI time series through the Land Processes Distributed Active Archive Center: EOS Data Gateway. RPG are covered almost entirely by MODIS tiles h13v11 (i.e., horizontal 13, vertical 11), h12v12, and h12v13. The h12v12 tile covers only 0.7% of the study area and was excluded from the analysis. We use NDVI images for the period from the start of operation of the sensor, in February 2000 until 2014, which were subjected to a quality filter [48] .Images were filtered to obtain pixels with NDVI values free of clouds, shadows and low presence of aerosols in the atmosphere. Those pixels that did not meet these requirements were masked and replaced by the average value between the previous and subsequent date. NDVI time series were regrouped by year 
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We obtained the MODIS NDVI time series through the Land Processes Distributed Active Archive Center: EOS Data Gateway. RPG are covered almost entirely by MODIS tiles h13v11 (i.e., horizontal 13, vertical 11), h12v12, and h12v13. The h12v12 tile covers only 0.7% of the study area and was excluded from the analysis. We use NDVI images for the period from the start of operation of the sensor, in February 2000 until 2014, which were subjected to a quality filter [48] . Images were filtered to obtain pixels with NDVI values free of clouds, shadows and low presence of aerosols in the atmosphere. Those pixels that did not meet these requirements were masked and replaced by the average value between the previous and subsequent date. NDVI time series were regrouped by year and by agricultural campaign. Winter agricultural campaigns group NDVI images from period between May 9 and January 3 of the following year (15 images, 1 every 16 days). Summer agricultural campaigns group NDVI images corresponding to the period between November 1 and May 24 of the following year (13 images, 1 every 16 days). Fourteen new time series were generated for winter and summer campaigns for each of the MODIS tile involved in the classification process. Additionally, for each of these new time series, we calculated a set of synthetic variables that summarize the temporal variation of NDVI values and that provide important information on the phenology of the different LULC classes. Calculated variables were: the average value of NDVI (NDVI-Mean); the maximum (NDVI-Max) and minimum NDVI (NDVI-Min); the difference between the maximum and minimum NDVI value (NDVI-Range); the relative range of NDVI-values (IVN-RR), calculated as IVN-Range/IVN-Mean; the standard deviation of NDVI value (NDVI-SD); and the annual sum of the NDVI values, calculated as the sum for each pixel of all NDVI values of the time series (NDVI-Sum). Some of these metrics summarize much of the spatial variability of the NDVI dynamics in temperate areas [49] [50] [51] .
Collection and Processing of Field Data
Field information comes from trips through the study area where the location and LULC class was recorded by GPS. The complete database includes information collected in different projects and compiles the LULC of 20,146 paddocks distributed in most of the study area and for different years, except the Mesopotamian Pampa and the Brazilian portion of Southern and Northern Campos ( Figure 3 ). Field information was superimposed on high spatial resolution images (Landsat 5 TM or ETM Landsat 7) delimiting the boundaries of the different paddocks. Landsat images were obtained by courtesy of the US Geological Survey (http://www.usgs.gov), and in all cases represent the Landsat image, free of clouds, closest to the date of field sampling. Paddocks with field data were superimposed on the MODIS NDVI time series to extract phenology information, considering all MODIS pixels completely included in each paddock. The final data base had 11,927 paddocks containing at least one completely included MODIS pixel.
Generation of Phenological Library
The vegetation index (NDVI, EVI, etc.) behavior of a given pixel along a growing season is called "phenological signature" since it allows to see vegetation seasonal dynamics. We denominate "Phenological Library" to all different LULC phenological signatures derived from spectral data [52] . For database generation, each of the pure pixels with LULC information, was superimposed on the corresponding time series (year, agricultural campaign, and MODIS tile) extracting the NDVI values and the synthetic variables detailed above. Phenological signature of each of the paddocks considered corresponds to the average value of all fully included MODIS pixels. All phenological signatures were checked for errors in NDVI information not corrected by the interpolation and filtering process and/or errors in LULC class recorded during field trips. Some LULC classes that were poorly represented in the database were also eliminated, such as water bodies and urban centers, which were then mapped with other methods (see below). After revision, the Phenological Library had 10,731 phenological signatures distributed by different sub region of the study area and belonging to different years and agricultural campaigns (Table 1) .
Remote Sens. 2020, 12, 381 6 of 22 ETM Landsat 7) delimiting the boundaries of the different paddocks. Landsat images were obtained by courtesy of the US Geological Survey (http://www.usgs.gov), and in all cases represent the Landsat image, free of clouds, closest to the date of field sampling. Paddocks with field data were superimposed on the MODIS NDVI time series to extract phenology information, considering all MODIS pixels completely included in each paddock. The final data base had 11,927 paddocks containing at least one completely included MODIS pixel. 
The vegetation index (NDVI, EVI, etc.) behavior of a given pixel along a growing season is called "phenological signature" since it allows to see vegetation seasonal dynamics. We denominate "Phenological Library" to all different LULC phenological signatures derived from spectral data [52] . For database generation, each of the pure pixels with LULC information, was superimposed on the corresponding time series (year, agricultural campaign, and MODIS tile) extracting the NDVI values and the synthetic variables detailed above. Phenological signature of each of the paddocks considered corresponds to the average value of all fully included MODIS pixels. All phenological signatures were checked for errors in NDVI information not corrected by the interpolation and filtering process and/or errors in LULC class recorded during field trips. Some LULC classes that were poorly represented in the database were also eliminated, such as water bodies and urban centers, which were then mapped with other methods (see below). After revision, the Phenological Library had The different categories of Phenological Library were reassigned, for classification purposes, in the following LULC categories: Winter crops (WC) which include the winter crops devoted to grain (usually wheat or barley) and forage (oats and ryegrass); Sumer crops (SC) devoted to grain (usually soybeans, corn, sorghum, or rice) and forage (corn and sorghum) Perennial Forage Resources (PFR) which includes natural grasslands and permanent implanted pastures; Afforested areas and Forests (A&F) which includes natural riparian or hillside woodlands and commercial tree plantations(usually Pinus and Eucalyptus).
Classification
Phenological signatures were used for LULC classification of the whole study area using decision trees generated and evaluated using See 5 software. See 5 is based on the algorithm developed by Quinlan [53] for data mining, widely used for the LULC map from satellite images (see for example, [38, 40, 54, 55] .
The data set was randomly divided into two subsets, one training dataset to generate the decision tree (70% of the database) and another to evaluate it independently (30% of the database). Decision trees were generated for each sub region and for each agricultural campaign, grouping data from different years and MODIS tiles. In total, 12 decision trees were generated, two (one for the winter agricultural campaigns and the other for the summer ones) for each of the following RPG sub regions: Northern Campos, Southern Campos, Rolling Pampa, Inland Pampa, Flooding Pampa, and Southern Pampa. Due to the size of the databases and their internal similarities, the two sub divisions of the Inland Pampa (Flat Inland Pampa and Wet Inland Pampa) were lumped together. Due to the absence of field data for the Mesopotamic Pampa, no decision trees were generated for this sub region. Decision trees of Northern and Southern Campos sub regions, in the winter campaigns, discriminate between winter crops (WC), perennial forage resources (PFR) and Afforested areas and Forests (A&F), while those generated for summer campaigns discriminate between summer crops (SC), PFR and A&F. Due to the absence of significant areas of A&F, and the consequent absence of field data in this category in the Pampas sub regions, the decision trees generated for this portion of the study area discriminate, in winter, WC and PFR, and in summer, SC and PFR.
Classification decision rules resulting from See 5 analysis were implemented in Envi 4.7 (Exelis Visual Information Solutions, Boulder, Colorado) in order to generate continuous LULC maps s of the entire study area. An independent map was generated for each sub-region, year, agricultural campaign, and MODIS tile. For the classifications of the Mesopotamic Pampa the decision rules generated for Campos del Sur were used, due to their climatic similarities and in the type LULC.
Final Maps Construction
All the individual classifications of each sub region, year, agricultural campaign, and MODIS tile, were combined to generate maps per agricultural year (it covers the period between May 9 of a year and May 24 of the following year) and the entire study area. First, for each year and agricultural campaign, we combine the maps of different MODIS tile and the same sub-region. Subsequently, for each sub region, we combine the maps of each winter agricultural campaign with that of the immediately following summer agricultural campaign. Agricultural year maps were performed through simple decision rules in which the LULC category in the final map depends on the categories to which each pixel belonged in winter and summer agricultural campaigns. For example, if a pixel belonged to the class WC, in winter campaign maps, and to SC, in summer campaign maps, in the map of the agricultural year it is assigned to the category Double Crops (DC: paddocks with two agricultural cycles per year). The set of decision rules for the creation of the agricultural year maps is summarized in Table 2 .
As a result of the construction of agricultural years, the maps of Northern Campos, Southern Campos, and Mesopotamic Pampa sub regions have 5 LULC categories: WC, SC, DC, PFR and A&F.
The agricultural year maps for the rest of Pampa sub-regions, which, as explained above, do not have the A&F category, include WC, SC, DC, PFR categories. The maps of the different sub regions were joined, generating 14 agricultural year maps from 2000/2001 to 2013/2014 that cover the entire study area.
Two other categories (non-discriminated in the classification process) were superimposed on each agricultural year map: Water and Urban. These categories were taken from the MODIS LAND COVER product (MCD12Q1). A&F A&F * Situations that are unlikely to occur probably associated with errors in the classification process and that occur with very low frequency (0.26% of the total of classified pixels).
Accuracy Assessment
Maps were evaluated using three complementary approaches: contingency matrices to the accuracy assessment with field data, global visual evaluation for each RPG sub region and comparison with official statistics. Given the absence of field data for all years and portions of the study area, and to the limited size of the evaluation data subset for some sub regions and years, contingency matrices were generated at various levels. First, classifications were evaluated with the whole data subset, that is, considering together the evaluation data of all years, sub-regions and MODIS tiles, discriminated by agricultural campaign. Second, we evaluated the classifications for the different RPG sub-regions, grouping data from different years and MODIS tiles, discriminated by agricultural campaign. Finally, when there was information available, we evaluated the classifications as they were generated, that is, by evaluating separately each of the classifications for the different sub regions, MODIS tiles, years, and agricultural campaigns.
Additionally, an exhaustive visual analysis of the different annual maps of each RPG sub region was performed. The analysis focused on three characteristics: the presence of agricultural areas in zones that, given the local knowledge, are absent; abrupt temporal changes in the area covered by any of LULC categories; and/or, in the observation of very marked discontinuities in the spatial LULC pattern without apparent justification (e.g., absence of political boundaries or marked changes in soil type).
Finally, the best maps resulting from the two previous assessments (contingency matrices and visual analysis) were compared with official statistics from the different countries in the study area (agricultural censuses and/or agricultural statistics of Argentina, Uruguay, and Brazil). Both official statistics information, as well as classifications results, was summarized in three categories: Crops, Afforestations and Forests (A&F), and Perennial Forage Resources (PFR); and they were expressed as a percentage of the administrative unit. Appendix ?? shows the information used in each country and the data aggregation process (Supplementary Materials, Appendix 1).
Land Use/Land Cover Change Analysis
LULC changes were analyzed using two complementary approaches. On the one hand, pixel by pixel maps of change were made, identifying the type of transitions occurred between two maps of different agricultural years. On the other hand, we analyze the relative change in the mapped area of the different categories between two periods of time. Both analyzes were performed considering the extremes of agricultural maps temporal series, and analyzing the change in two periods of time, the first and the second half of the time series.
Change maps were generated from simple decision rules defining a series of transitions grouped into seven categories. The first category was no change. The second category was Agricultural Intensification, defined when a pixel changes from PFR to one of the agricultural categories (WC, SC, DC); this category includes new agricultural lands, but also, the entry into the agricultural phase in agricultural-pastoral rotations. The third category was the re-establishment of PFR, defined as the process opposite to Agricultural Intensification (includes the abandonment of agriculture and the entry into the pastures phase in agricultural-pastoral rotations). The fourth category was Forest Intensification, defined when a pixel changes from PFR to A&F (mostly new commercial plantations, but also to a lesser extent, expansion of existing native forests). The fifth was Deforestation, defined as the process opposite to the previous category (includes the native forests deforestation and the harvest of tree plantations). The last two mapped categories occur very infrequently and attempt to capture the transitions between agricultural classes and A&F. The sixth category evaluates the passage of agricultural classes (WC, SC, DC) to A&F, while the seventh category evaluates the opposite process.
The relative change (RC) in the surface of the different LULC categories between two periods was calculated as:
where Y is the area covered by each LULC category [34] . The relative change analysis was made for each RPG sub-region lumping together the agricultural categories.
Results

Land Use/Land Cover Classification
The mapped area covers just over 825,000 Km 2 , including almost all RPG, with the exception of a small portion of Northern Campos (0.7% of the study area), which belongs to MODIS h12v11 tile, excluded from the analysis. Appendix 2 shows the generated decision trees, the variables used in their construction and the confusion matrices made with the training and evaluation data (Supplementary Materials, Appendix 2). Considering the whole study area, Perennial Forage Resources (PFR) were the dominant class, covering a maximum of 66.1% of the RPG in the 2001/2002 map, and a minimum of 40.3% in the 2008/2009 map. In almost all the agricultural years reported, the PFR were followed in importance by SC, (maximum 37.4%, minimum 10.9%), the DC (maximum 17.6%, minimum 6.1%), the WC (maximum 7.3%, minimum 2.3%) and A&F (maximum 5%, minimum 1.3%) (Supplementary Materials, Appendix 3).
At the RPG sub-regions level, the area covered by the different LULC classes showed, generally, a similar behavior. The PFR were generally the class with the largest area in almost all sub-regions and years. This dominance is particularly evident in Northern Campos, Southern Campos and Flooding Pampa, where almost always exceeded 60% of sub-region area. PFR dominance was also very important, although somewhat less, in Southern Pampa Austral, where this category rarely covered less than 50% of sub-region area. In Mesopotamic and Inland Pampa sub-regions, PFR were majority at the beginning of classifications time series but tended to be equated with the agricultural classes over time, mainly with summer crops (SC) and in some cases, with Double Crops (DC) class. In the case of Rolling Pampa, the PFR surface never surpassed that of the agricultural classes, being the SC the dominant class practically every year (Supplementary Materials, Appendix 3).
Regarding the agricultural categories, SC was the most generally represented class in all sub-regions and years, being particularly important in the Rolling, Inland and Mesopotamic Pampas. In Rolling Pampa, SC surface was at around 45%. In Inland and Mesopotamic Pampas, the area covered with SC was somewhat lower, mainly at the beginning of the analyzed period, but with a very marked increase in its surface over time. DC was particularly important in the Rolling and Mesopotamic Pampas and in the northern portion of Northern Campos. In the Northern Campos, Southern Campos and Mesopotamic Pampa sub-regions there is a clear tendency to increase of DC area over time. Winter Crops (WC) were important only in the Southern Pampa, being a poorly represented category in the rest of RPG.
The Afforestations and Forests (A&F) category occupies low percentages in all the regions where it was mapped. Its greatest territorial expression occurred in Northern Campos, duplicating the surface found in Southern Campos and Mesopotamic Pampa. The Northern Campos A&F surface is concentrated in the commercial forest foci of the northeast of Uruguay and in the southeast of Rio Grande del Sur (Micro-region Sierras del Sudeste) next to the "island" of deciduous forest that is not part of the RPG (Supplementary Materials, Appendix 3).
Classifications Evaluation
The contingency matrices, made pixel by pixel on the whole evaluation data subset (pooling together all years and sub-regions), showed very good levels of accuracy. Overall accuracy in winter campaigns was 94.3%, while in summer campaigns it was 95.5%, with low and equally distributed commission and omission errors (Tables 3-5). Contingency matrices made by sub-region (grouping the different agricultural years) also showed good overall accuracy. The distribution of commission and omission errors was changeful and depended on the campaign (winter, summer), sub-region and class considered. Errors were generally low although they reached important values for some categories, sub-regions and agricultural campaigns. The evaluations of the classifications as they were generated, that is, classifying independently each sub-region, MODIS tile, year, and agricultural campaign, showed generally good results. In some cases the overall accuracy was extremely low or extremely high, mainly due to the small size of the evaluation subsets. Appendix 4 shows the contingency matrices and the error analysis at different levels ( Supplementary Materials, Appendix 4) . (Table 6 ). 
LULC Change Analysis
The (Figure 4b ). There do not seem to be major errors in 2012/2013 map (Figure 4c) .
The LULC change map shows, considering the entire analyzed period (changes between 2001-2002 and 2012-2013 agricultural years), that most of the study area maintained LULC category (73.9%). The most frequent change was agricultural intensification, which occurred in 14.2% of the study area, followed by the re-establishment of PFR (8%). An important part of the re-establishment of PFR surface was associated with errors of the 2001/2002 map (see above). Forest intensification and Deforestation occupied 1.7% and 2% of the study area respectively. The other two changes analyzed, the passage of agricultural classes (Cinv, Cver and DC) to A&F and the opposite process, were very infrequent, occupying approximately 0.1% of the study area ( Figure 5 ). The LULC change map shows, considering the entire analyzed period (changes between 2001-2002 and 2012-2013 agricultural years), that most of the study area maintained LULC category (73.9%). The most frequent change was agricultural intensification, which occurred in 14.2% of the study area, followed by the re-establishment of PFR (8%). An important part of the re-establishment of PFR surface was associated with errors of the 2001/2002 map (see above). Forest intensification and Deforestation occupied 1.7% and 2% of the study area respectively. The other two changes analyzed, the passage of agricultural classes (Cinv, Cver and DC) to A&F and the opposite process, were very infrequent, occupying approximately 0.1% of the study area ( Figure 5 ).
Analyzing the data by sub-region, the agricultural intensification was always the most important LULC change, with maximum values in the Mesopotamic Pampa (25.6%) and minimums in the Flooding Pampa and Northern Campos (11.8% and 11.6, % respectively). On the other hand, PFR reestablishment was important in Inland and Southern Pampas and, to a lesser extent, in the Flooding Pampa, although the greater area with this change responds to the error reported above. The net result of these two changes (Agricultural intensification minus PFR re-establishment) for the period 2001/2002 -2012/2013 was maximum in the Mesopotamic Pampa, where represents 20.1% of the subregion area. It was also important in Southern Campos (12%), Rolling Pampa (9.6%), and Northern Campos (7.5%) and was minimal in the Southern, Flooding and Inland Pampas (2.9%, 2%, and 1.4%, respectively).
Agricultural intensification was not homogeneous in most of the sub-regions. In Northern Campos, it was concentrated mainly in the southwest, against the coast of the Uruguay river, in the Laguna Merin basin (southeast) and in the north of the sub-region (Planalto das Missões). In Southern Campos, the process was concentrated on the littoral of the Uruguay River and the western portion of Uruguay south central region and, to a lesser extent, in the Laguna Merin basin. In the Analyzing the data by sub-region, the agricultural intensification was always the most important LULC change, with maximum values in the Mesopotamic Pampa (25.6%) and minimums in the Flooding Pampa and Northern Campos (11.8% and 11.6, % respectively). On the other hand, PFR re-establishment was important in Inland and Southern Pampas and, to a lesser extent, in the Flooding Pampa, although the greater area with this change responds to the error reported above. The net result of these two changes (Agricultural intensification minus PFR re-establishment) for the period 2001/2002 -2012/2013 was maximum in the Mesopotamic Pampa, where represents 20.1% of the sub-region area. It was also important in Southern Campos (12%), Rolling Pampa (9.6%), and Northern Campos (7.5%) and was minimal in the Southern, Flooding and Inland Pampas (2.9%, 2%, and 1.4%, respectively).
Agricultural intensification was not homogeneous in most of the sub-regions. In Northern Campos, it was concentrated mainly in the southwest, against the coast of the Uruguay river, in the Laguna Merin basin (southeast) and in the north of the sub-region (Planalto das Missões). In Southern Campos, the process was concentrated on the littoral of the Uruguay River and the western portion of Uruguay south central region and, to a lesser extent, in the Laguna Merin basin. In the Mesopotamic Pampa, agricultural intensification was concentrated in the eastern half of the sub-region, again on the Uruguay River littoral. In the rest of the Pampa, agricultural intensification process was more dispersed, although with important areas in the union between the Flat Inland Pampa and West Inland Pampa, in the southwest of Rolling Pampa and, to a lesser extent, in the north of Flooding Pampa ( Figure 5 ).
The largest expansion of A&F occurred on the Northern Campos (Change from PFR to A&F: 4%) mainly in forestry foci in Northeast and west Uruguay, and to a lesser extent, in the northeast of Northern Campos, in Rio Grande do Sul. Forest intensification in the Mesopotamic Pampa was minimal (0.7%) and concentrated in the northern portion. In Southern Campos, forest intensification occupied 1.7% of the surface and was concentrated over "Sierras del Este" region in southeastern Uruguay. The change in the opposite direction (from A&F to PFR) was also maximum in Northern Campos del Norte and was mainly concentrated in the southeast of Rio Grande do Sul ("Sierras del Sudeste" micro region), apparently associated with deforestation of native forest, and to a lesser extent, in the forestry foci of the Northeast and West of Uruguay, associated with harvest of forest plantations Mesopotamic Pampa, agricultural intensification was concentrated in the eastern half of the subregion, again on the Uruguay River littoral. In the rest of the Pampa, agricultural intensification process was more dispersed, although with important areas in the union between the Flat Inland Pampa and West Inland Pampa, in the southwest of Rolling Pampa and, to a lesser extent, in the north of Flooding Pampa ( Figure 5 ). The largest expansion of A&F occurred on the Northern Campos (Change from PFR to A&F: 4%) mainly in forestry foci in Northeast and west Uruguay, and to a lesser extent, in the northeast of Northern Campos, in Rio Grande do Sul. Forest intensification in the Mesopotamic Pampa was minimal (0.7%) and concentrated in the northern portion. In Southern Campos, forest intensification occupied 1.7% of the surface and was concentrated over "Sierras del Este" region in southeastern Uruguay. The change in the opposite direction (from A&F to PFR) was also maximum in Northern Campos del Norte and was mainly concentrated in the southeast of Rio Grande do Sul ("Sierras del Sudeste" micro region), apparently associated with deforestation of native forest, and to a lesser extent, in the forestry foci of the Northeast and West of Uruguay, associated with harvest of forest plantations
The Figure 6 ). (Table 7 ). 
Discussion
This paper presents the first spatially continuous regional LULC description of the Rio de la Plata Grasslands (RPG), one of the largest grassland areas in the world. The maps also cover, with an annual temporal resolution, a period of 14 years with intense LULC transformations. Additionally, our work provides a methodological alternative for the continuous description of LULC, relatively fast and with low cost, over large areas and with high periodicity. The products generated were based on an extensive LULC field database, avoiding errors derived from visual interpretations made by different technicians. The global accuracy of the maps as well as the low and similar values of the omission and commission errors indicates a low level of sub and overestimation of the different class coverage.
The spatial scale of the analysis is halfway between global and continental scale LULC descriptions and local maps, allowing the evaluation of results not only from contingency matrices, but also by expert knowledge. The maps generated cover more than 800,000 km 2 providing a simple but complete description of the RPG LULC, a region with a great agricultural expansion in recent years. The overall accuracy achieved when pooling all the evaluation data (≈95%) is much higher than that reported at continental [18, 20, 39, 40] or global scales [36] [37] [38] ; furthermore, most of the evaluations carried out for the different combinations of RPG sub-region, MODIS tile, year and agricultural campaign, presents global accuracy values comparable or higher to the aforementioned works.
The results showed that an evaluation of the classification products based exclusively on contingency matrices overvalue the quality of the results. A visual expert evaluation of the resulting spatial patterns and of the temporal inconsistencies of LULC dynamics allows one to identify additional faults in the classification process. Most of these failures come from non-controllable errors, mainly due to the classification of the study area in climatically very different years from those used to train/evaluate the classifications, and/or, to the accumulation of errors in the MODIS NDVI time series. This highlights the risks of lacking local knowledge and expertise when generating LULC classifications. This may be particularly critical for continental or global descriptions
The Rio de la Plata Grasslands LULC Patterns and Its Changes over Time: The New Wave of Agriculturization
Our results showed not only the distribution of the agricultural foci of the region but also its recent dynamics. Natural grasslands have been almost completely displaced in the Rolling Pampa, the Southern Pampa and the Inland Pampa. These agricultural foci, associated with soils of good fertility and few edaphic restrictions, have a relatively long history of use in Rolling and Southern Pampas that goes back to the end of the 19th century [47] . In the Inland Pampa the agriculturization process is more recent and would be concentrated at the end of the 20th and the beginning of the 21st century [34, 56] . These changes in the Inland Pampa together with the important expansion of the annual crops in the Mesopotamic Pampas represent a new wave of agriculturization registered in the Argentine Pampas in recent years [21, 34, 56] . Our results underline this trend, clearly showing that agricultural is still expanding.
In Uruguay, agricultural expansion is clearly visible in west, the center-south and some portions of the east and northwest of the country. In Uruguay is also evident another LULC change process: the increase of commercial tree plantations. Although this process is not reflected at the RPG sub regions scale, a detailed observation shows the expansion of three afforestation foci, one in the northwest of Uruguay (Tacuarembó and Rivera departments), another in the coast of the Uruguay River (Rio Negro and Paysandú), and another in Sierras del Este region. The expansion of forestry is associated with political and economic incentives and the installation of the cellulose industrial complex in Uruguay [25, 28, 34, 51] .
In the Brazilian portion of the study area there are practically no studies on LULC change [22] (but see [57] ). The main agricultural foci are located in the northern portion of the study area in the geomorphologic region of Planalto das Missões; in the central "gauya" depression (Depressions of the Ibiuí and Jacui rivers) and the alluvial-colluvial plains of the great rivers; and in the plains of the De los Patos and Merin lagoons. Our maps showed a sustained increase of agricultural areas in these regions, and, then, an important loss of natural grasslands in Rio Grande do Sul [41, 58] . Recent work developed by Mapbiomas.org shows similar trends, with almost 40% of the Brazilian portion of the RPG under agriculture and an increase in cultivated area of 7500 Km 2 in the period 2000-2014 [43] .
Agricultural expansion process involved both an increase in the area planted in traditional agricultural foci as well as the expansion of croplands into new areas formerly cover by native grasslands. This trend, already reported by Baldi & Paruelo [34] for the Argentine Pampas, is a common process to the three countries involved in Rio de la Plata Grasslands. Natural grasslands losses are probably higher than those reported in this article, since much PFR area is occupied by sown pastures integrated into agricultural rotation cycles, mainly in the traditional agricultural areas.
In most of the RPG, agriculture expanded at higher rate in the first half of the studied period (2001/2002-2006/2007) and slowed down in the second half. Graesser et al. [20] also report higher LULC change rates in the 2001-2007 than in the 2007-2013 period, attributing these differences to a global economic stagnation and its impact on agro-export economies. Volante et al. [21] , also report a similar agricultural area spatial distribution, as well as a very important increase in cultivated area between 2000/01 and 2010/11. Two other patterns are evident: the increase in the relative importance of summer crops and the intensification of agricultural production. SC expansion responds, both, to the increase in the planted area and to a winter crops retraction in practically all RPG sub-regions. Intensification results from an increase in the area covered by double crop systems. Similar results are found by Volante et al. [21] in part of the study region during the 2000-2010 period, reporting growth of 62% and 17% in Argentina and 711% and 528% in Uruguay, for summer crops and double crops, respectively.
Scope of the Approach: Advantages and Limitations
The used approach reveals a series of advantages over other approaches for LULC description, but also a number of intrinsic limitations. Spatial segmentation (classifications by RPG sub-regions) reduces LULC categories intra-class variation due to the reduction of variation in environmental conditions (precipitation, temperature, soil characteristics) and more homogeneous management conditions and cultural practices. On the contrary, sub-region classifications imply that the poor performance of the classification in a particular agricultural year and region, limits the use of that year's map for the entire region in LULC change analysis. This strategy of mapping smaller portions of a study area and subsequently joining them has already been used successfully in other works in Latin America [18, 20] .
In temporal terms, classifications by agricultural campaign make it possible to discriminate between the crop cycles (winter, summer, double crop), providing information on the inter-annual temporal variation of carbon gains. For example, PFR substitution by agricultural crops implemented in a single season (summer or winter) reduces radiation interception (i.e., the entry of carbon into ecosystems) [32, 59] and drastically modify its seasonality [32, 60, 61] . These changes in LULC also modify the albedo [62] , the partition of the net radiation between latent and sensible heat [63] , or the partition of the available water between evapotranspiration and runoff [64] , being able to affect the climate at different spatial and temporal scales [65, 66] . The generated maps are an important input to understand the RPG carbon balance and/or, modeling the effect of LULC changes on different interactions between the surface and the atmosphere.
We detected a series of problems that appear when trying to map large regions such as RPG and for a so long period, from vegetation phenological behavior, using a spatial and temporal incomplete "Phenological Library". In spatial terms, involves to assume that the classes mapped in those portions of the territory without field data, behave similarly as in those places where there were. Given the segmentation of the study area into sub-regions with similar edaphic, climate and management characteristics, these risks are minimized.
In temporal terms, the absence of LULC field data in many of the classified years implies the assumption that the temporal behavior (i.e., the phenological signature) of the different categories will be similar to the behavior detected in years for which there are field data. Since the decision rules for the assignment of a pixel to a LULC comes from the structure of the training data, this assumption can lead to "uncontrollable" errors that are caused mainly by two factors. The first type of error comes from generating LULC classifications in years climatically very different from those used to generate spectral signatures and train the decision trees. This is probably what happens with 2007/2008 and 2008/2009 maps ( Supplementary Materials, Appendix 3) , due to the intense drought that has occurred in much of the region since late 2007, 2008, and early 2009 [67, 68] The high sensitivity of this kind of approach to climate variations, has already been reported in other studies [18, 38, 69] . For example, Hüttich et al. [69] , in semi-arid savannas of Namibia, founded that annual changes in precipitation affect the classification results, especially in the more dynamic classes such as grasslands, mainly when the precipitation exceeds 500 mm/year. Probably in sub-humid grassland systems like the one analyzed in this work, the opposite happens and the problems appear when the precipitation falls below a certain threshold.
The second factor that causes important "uncontrollable" errors appears due to problems of NDVI time series, not corrected during the filtering and interpolation process. The clearest example is that of Southern Campos and several of the Pampa sub-regions, mainly Flooding Pampa, on the 2013/2014 maps. Errors occur primarily in summer campaign classifications, with a very large number of pixels with missing values during February 2014, probably due to an accumulation of rainy and cloudy days. Several works with similar approaches (see for example: [21, 69, 70] ) used vegetation indices time series depurated with an accessory system such as TIMESAT to reduce these problems. However, Clark et al. [70] report some questions for the use of these approaches with LULC categories without a clear seasonality and for the possible data losses due to high cloud presence. These two types of "uncontrollable" errors are in fact, controllable with an adequate data capture program that ensures the spatial and temporal consistency of the Phenological Library.
The significant presence of "uncontrollable" errors in several of the years and/or RPG sub-regions, the possibility of pixels covering more than one LULC category due MODIS images spatial resolution and the intrinsic error of the classification process, generate significant instability in the LULC maps time series. This limits the possibility of analyzing the LULC change on an annual basis, enabling only the analysis of large trends.
Despite the reported errors and the instability of the LULC change trends, the technique used and the maps of the selected periods provide a good description of the LULC patterns in the RPG and their changes over time. These maps have a high degree of concordance with reported by other authors and with official statistics of the different countries involved. The changes occurred in RPG have very important implications in many ecosystem processes, for example: changes in stocks and flows of C, N, P, and water; changes in energy flow; or environmental impacts (soil erosion, greenhouse gas emissions, water pollution, etc.). The maps generated in this work will make it possible to model these processes at much finer scales than those performed to date.
Conclusions
The methodological approach developed allowed to describe, relatively quickly and at a low cost, the LULC of the entire Rio de la Plata grassland biome and analyze the processes of LULC change occurred during the first 14 years of the 21st century. The RPG are immersed in a strong process of land use change, mainly due to the advance of the agricultural frontier and at the expense of loss of grassland areas (natural or implanted). Despite this, the PFR continue to be the dominant LULC category, covering 60% of the entire area at the end of the analyzed period, mainly due to the strong dominance of this category in the Northern Campos, Southern Campos, and Flooding Pampa sub-regions.
The agricultural area increased 23% in the period, adding over than 50,000 Km 2 of new crops. Most agricultural expansion, and therefore the greatest losses of grassland, concentrates on both sides of Uruguay river (Mesopotamic Pampa and the western portion of Southern and Northern Campos) and de western portion of Inland Pampa.
Our results show a number of problems encountered when trying to map large regions such as RPG and for a long period of time, from the phenological behavior of the vegetation cover, mainly caused by two factors: 1) LULC classifications generated in years climate very different from those used to generate spectral signatures and train decision trees, and 2) the use of NDVI time series with uncorrected errors during the filtering and interpolation process. To minimize these problems, continuous LULC survey programs should be developed in order to achieve a more complete "Phenological Library" in spatial and temporal terms.
The generated maps open the door for more detailed and spatially explicit modeling of many important aspects of ecosystem functioning, for quantification in the provision of ecosystem services and for more efficient management of natural resources. 
